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The attachment of a marine Pseudomonas sp. to a variety of surfaces was

investigated, and the number of bacteria which became attached was related to
the surface charge and degree of hydrophobicity of the substratum. Large num-

bers of bacteria attached to hydrophobic plastics with little or no surface charge
[Teflon, polyethylene, polystyrene, poly(ethylene terephthalate)]; moderate num-
bers attached to hydrophilic metals with a positive (platinum) or neutral (ger-
manium) surface charge; and very few attached to hydrophilic, negatively charged
substrata (glass, mica, oxidized plastics). The results suggest that both electro-
static and hydrophobic interactions are involved in bacterial attachment.

The attachment of bacteria to solid surfaces
is an important phenomenon in many environ-
ments, including aquatic habitats (4), soils (24),
the human mouth (14), and mammalian epithe-
ial tissues (18). Some bacteria have special at-
tachment structures, e.g., pill or holdfasts, but
many have not and appear to attach by means
of extracellular polymeric adhesives (11, 26).
The attachment of a bacterium to a surface is
dependent upon two events: (i) that the bacte-
rium encounters a surface and comes close
enough for attachment to occur and (ii) that the
bacterial outer surface adheres to the substra-
tum. The probability of a bacterium encounter-
ing a potential substratum is affected by a num-
ber of factors, e.g., culture concentration and
bacterial motility (10), whereas attachment is
dependent upon the chemical and physical in-
teractions between the potential substratum, the
bacterial surface, and the polymeric adhesive.
Because these interactions are to some extent
determined by the characteristics of the poten-
tial substratum, it was decided to investigate the
attachment of bacteria to a number of different
materials. The bacterium was a marine pseudo-
monad which appears to attach by means of an
extracellular polymer (11). Some of its attach-
ment properties have been described previously
(9-13).

MATERIALS AND METHODS
Organism and growth. The marine Pseudo-

monas 8p. (National Collection of Marine Bacteria
[NCMB] 2021) was cultured as previously described
(9) for 21 to 22 h, at which time the bacteria were in
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the late-log phase of growth. The organims were then
collected by centifugation and resuspended in auto-
claved, filtered (0.2-,um porosity) seawater to a concen-
tration of 2.5 x iOW to 5 x 109 bacteria per ml. These
suspensions remained stable dunng expenments and
did not tend to form aggregates.

Substrata. Commercially available materials used
as substrata included PTFE Teflon film (Dupont);
polyethylene (PE) (Sterilin); polystyrene bacteriolog-
ical (PS) and tissue culture (TC-PS) dishes (Falcon);
poly(ethylene terephthalate) (PET) (Dupont Mylar
film); freshly cleaved mica (Mica & Micanite Sup-
plies); and glass microscope slides (Chance) and ger-
manium (microcrystalline) plates polished to a mirror
finish.

Specially prepared materials included the following:
(i) Samples of PS and PET were treated for 10 min at
maximum power at 250 x 10-' torr of residual air
pressure in a radiofrequency (RF) plasma cleaning
device (Harrick, Ossining, N.Y.), resulting in an in-
crease in water wettability; these are designated as
RF-PS and RF-PET, respectively. Scanning electron
microscopy showed that there was no change in sur-
face roughness of treated PS and PET. (ii) Samples of
PE and nylon 6.6 (Dupont) which were recrystallized
against gold by the method of Schonhorn (30), so that
the water wettability was increased without an in-
crease in charge density (designated as Au-PE and
Au-nylon, respectively). Nylon simultaneously
compression molded against glass provided a smooth
surface of lower wettability than Au-nylon and served
as a control. After recrystallization, mercury was used
to remove the gold, and only samples with no detect-
able residual gold or mercury were used. The method
for metal detection was X-ray fluorescence analysis,
kindly done by J. V. Gilfrich. (iii) A series of PS
substrata of progressively higher water wettabilities,
obtained by treatment in a RF plasma cleaning device
for periods of -0.25, -0.5, -1, 10, 60, and 600 s, was
used. (iv) A high-purity epoxy resin, characterized
previously (1), was prepared. (v) Platinum plates, me-
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tallographically polished to a mirror finish, were also
used.
The substrata were cleaned as follows. (i) Plastics

were washed in detergent and rinsed exhaustively with
distilled water. (ii) Glass and mica were cleaned in hot
nitric acid after detergent washing and rinsed with
distilled water. (iii) Germanium was either heated to
6000C for several hours in a flowing hydrogen atmos-
phere (reducing conditions) and kept wrapped in alu-
minum foil, which had previously been cleaned in the
RF plasma cleaner, or washed with detergent, insed
with water and then acetone, oven dried after blotting
with filter paper, and treated for several minutes in
the RF plasma cleaner (oxidizing conditions). (iv) Plat-
inum, after washing, was heated until red hot in a
Bunsen flame and allowed to cool a few seconds before
use.
Attachment assays. The substrata were exposed

to the bacterial suspensions at -180C for 2 h without
stirring to allow attachment of bacteria. The substrata
were then gently rinsed three times with -10 ml of
sterile water to remove loosely attached and residual
suspended organisms. In initial experiments distilled
water was usually used for rinsing, although the num-
ber of bacteria which remained attached did not seem
to depend on whether distilled or seawater was used.
In later experiments seawater was used for rinsing.
Attached bacteria were then fixed with Bouin fixative
(71% [vol/vol] saturated aqueous picric acid-24%
[vol/vol] Formalin-5% [vol/vol] acetic acid) and
stained with either ammonium oxalate crystal violet
or acridine orange (5-mg/liter solution in distilled wa-
ter). Supplementary observations indicated that rins-
ing, fixing, and staining procedures did not influence
results. Attached bacteria were counted by bright-field
or fluorescence microscopy.
Attachment ofbacteria to medium-coated sub-

strata. A medium extract was prepared by filtering
(0.2-,um porosity) the supernatant obtained by centri-
fuging the cultures (see above). The filtrate was al-
lowed to adsorb onto PS and RF-PS (four each of 5-
cm dishes) and platinum (four 1-cm2 plates) by expos-
ing the surfaces to the filtrate for 1 h, and they were
then rinsed with sterile seawater. During this time,
the bacteria were maintained in 100 ml of sterile
seawater at 100C. Portions (10 ml) of bacterial suspen-
sion (1.4 x 1(9 bacteria per ml) were immediately
added to the treated dishes and to a dish containing
the platinum plates, as well as to clean PS and RF-PS
control dishes. Substrata were removed at intervals of
15, 60, 120, and 180 mmn and rinsed with sterile sea-
water, fixed, and stained as above. Control experi-
ments with clean platinum were done separately be-
cause of lack of platinum substrata.
When possible, replicate test substrata were used,

and all experiments were repeated at least once.
Contact angles. The contact angles of quartz-dis-

tilled water on the substrata were measured with a
NRL-type contact angle goniometer (Ram6-Hart,
New Jersey) to observe profiles of sessile drops at
20°C and 60% relative humidity. Droplets were trans-
ferred to the substrata with a freshly flamed platinum
wire when observing advancing contact angles (GA).
Receding contact angles (OR) were determined by re-
moving water from the drops with clean filter paper.
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RESULTS
Bacterial attachment to different sub-

strata. The numbers of bacteria attached to
different test substrata are given in Table 1,
together with the measured water contact angles
(0) and critical surface tensions (yj) (another
measure of wettability [35]), where known. The
experiments were carried out over a period of
months, introducing unavoidable and undefina-
ble variations between successive batch cultures.
To allow comparisons of a large number of ex-
periments, PS substrata were included in each
experiment, and the ratio of the mean number
of bacteria attached to the test substratum to
those attached to PS is given as the index of
attachment (Ia). PS was chosen as a reference
because it gives reliable and reproducible results
in the short term.
The materials used as substrata can be

grouped as follows according to their surface
characteristics and suitability for attachment.

(i) Hydrophobic materials include nonpolar
polymers with no ionogenic functional groups
and whose surface charge, if any, arises from low
levels of impurities or through adsorption (or
desorption) of ions from a surrounding medium
(17), i.e., PTFE (Teflon), PE, PS. These bore
large numbers of attached bacteria; coverage of
each surface with a monolayer of bacteria was
usually obtained within -2 h (Ia = 0.8 to 1.0) as
was previously found (10).

(ii) Polymers of increased wettability may
contain significant quantities of polar groups,

TABLE 1. Number of bacteria attached to different
surfaces after 2 h of exposure

Advanci Critical i Bacteria
waerc surface per 100 AM2

Surface tate aongl tension ± confidence I.'~tatage (10-4 liMits (p(degrees) Ncmr') 0.05)

PTFE 105 1.9 31.2 ± 0.3 0.8
PE 95 3.1 33.8 ± 0.4 0.8
PS 86 3.3 40.5±0.4 1.0
PET 79 4.3 38.6 ± 0.4 0.95
Epoxy 57 15.5 ± 0.3 0.5
Nylon 6.6 66 24.0 ± 0.4 0.9
Au-nylon 56 14.5 ± 0.6 0.5
Au-PE 76 23.1 ± 0.2 0.7
TC-PS 4.7 ± 0.6 0.1
RF-PS 32 2.8 ± 0.5 0.1
RF-PET 40 2.4 ± 0.6 0.1
Mica 0 >7.4 2.6 ± 0.4 0.1
Glass 0 >7.4 0.8 ± 0.2 0.02
Ge (oxidized) 0 >7.4 1.8 ± 0.1 0.07
Pt 0 >7.4 13.4 ± 0.6 0.3

15.5 ± 0.4 0.6
Ge (reduced) 0 >7.4 28.2 ± 0.7 0.7

23.3 ± 0.6 0.6

Ratio of the number of attached bacteria on the test
substratum to those attached to a polystyrene control.



BACTERIAL ADHESION AND SUBSTRATUM PROPERTIES

e.g., nylon 6.6, epoxy resin, and PET. Polar
groups introduced by RF discharge onto PET
and PS place them in this category also, and
some of these polar groups may bear negative
charge, e.g., carboxyl and phenolic groups (3,
29). PS and PET may be treated to the extent
that their receding water contact angles ap-
proach zero by commercial processing, e.g., Fal-
con tissue culture ware, or by laboratory treat-
ment with the RF discharge (RF-PS and RF-
PET).

Recrystallization of polymers against gold can
increase their surface density by transcrystalli-
zation, leading to a higher surface free energy
and wettability without introducing ionogenic or
additional polar groups (8, 30).
These polymers show a range of advancing

water contact angles, with a strong correlation
between increasing contact angle and bacterial
attachment; Ia ranges from 0.1 to 10.95. Figure
1 illustrates the relation obtained between water
contact angles on PS samples treated in the RF
discharge for various times and bacterial attach-
ment. The combined results of three separate
experiments yield a strong positive correlation
for both advancing (GA; r = 0.91) and receding
(OR; r = 0.82) contact angles, with both signifi-
cant at P = 0.001.

(iii) Inorganic, hydrophilic materials. The in-
organic materials used are all hydrophilic with
zero water contact angles.
The numbers of bacteria attached to glass,

mica, and germanium discharge treated in air
were very low (Ia = 0.01 to 0.02). Attachment to
freshly flamed platinum was somewhat variable,
with Ia from 0.3 to 0.6 in repeated experiments.
Thus, bacteria consistently attached in smaller
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numbers to platinum than on the hydrophobic
surfaces, but more attached than to the other
hydrophilic surfaces gls, mica, or air-treated
germanium. Germanium cleaned by heating in
hydrogen, however, consistently had numbers of
attached bacteria similar to, or slightly higher
than, those obtained with platinum (I. = 0.6 to
0.7).

Effect of adsorbed medium filtrate on at-
tachment. Soluble components of the medium
filtrate adsorbed onto platinum considerably re-
duced subsequent bacterial attachment, whereas
contact with medium filtrate did not affect at-
tachment to PS. Adsorption of medium compo-
nents to PS was indicated by the PS becoming
hydrophilic. However, rinsing with seawater can
render such PS samples hydrophobic again, in-
dicating easy desorption of hydrophilic medium
components from the PS surface.
Attachment to these materials as a function

of time is shown in Fig. 2.

DISCUSSION
There are several types of interactions which

could affect attachment processes of cells in
aqueous media. The balance of dispersion and
electrostatic forces postulated in the theory of
lyophobic colloid stability leads to a weak sec-
ondary minimum of repulsion forces between a
cell and a potential substratum, allowing asso-
ciation at a slight distance from the surface (32).
This was suggested as the basis for an initial
reversible stage of bacterial attachment by Mar-
shall et al. (26). These authors suggested that
extracellular polymers then bridged the gap be-
tween bacterium and substratum, resulting in
more permanent attachment. Studies of attach-
ment of tissue cells of several types (2, 16, 22)
have indicated that many show a preference for
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FIG. 1. Relationship between numbers of attached
bacteria and the advancing contact angles (0) and
receding contact angles (0) ofwater on PS substrata.
These different water wettabilities were obtained by
treatment in the RFplasma cleaner.

Time (minutes)
FIG. 2. Influence of adsorbed medium filtrate on

bacterial attachment to different substrata. Symbols:
0, PS; *, filtrate-coated PS; O, RF-PS; U, filtrate-
coated RF-PS; A, platinum; A, filtrate-coated plati-
num.
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negatively charged, hydrophilic surfaces, in con-
trast to what was found here and contrary to
what is expected if electrostatic and dispersion
forces are the dominant factors in cell adhesion.
Additional interactions possible in biological sys-
tems which might affect attachment include hy-
drophobic bonding (25), coordination with met-
als or other cations, polar group interactions,
steric interferences (21, 23), and specific reac-
tions between surface functional groups (5).

It is difficult to predict adherence of popula-
tions of bacteria in natural waters because sim-
ple generalizations based on first principles are
prevented by (i) the presence of variable and
undefined dissolved components which may al-
ter substratum and bacterial attachment
through adsorption; (ii) the presence of different
bacteria which may possess different surface
characteristics; and (iii) the different types of
interactions possible. Thus, a number of studies
have shown a greater tendency for marine bac-
teria (28, 31) and other aquatic organisms (7) to
attach to hydrophobic surfaces, whereas one in
situ investigation (6) has demonstrated higher
numbers of organisms on hydrophilic substrata.
The understanding of preferences of attaching
organisms in particular circumstances, then, re-
quires detailed information on the substrata,
dissolved components and bacterial populations
involved. Our laboratory studies describe the
response of a particular bacterium, and further
work will be required to establish the degree of
generality of the pattem of attachment observed
with this organism.
The relationship between bacterial attach-

ment and water wettability in the series of po-
lymeric materials used here (Fig. 3) gives a clear
indication of the importance of this property.
However, the variation in attachment to the
different hydrophilic materials requires consid-
eration. Glass and mica, which had low numbers
of attached bacteria, have been observed by
electrokinetic measurement to bear a negative
surface charge in seawater. This charge is con-
sistent with their chemical structure, involving
oxyanions at the surfaces (27, 34). Platinum,
which had higher numbers of attached bacteria,
has been found to be electrokinetically positive
in organic-depleted seawater (20). Germanium
was cleaned in two ways (under oxidizing con-
ditions by RF glow discharge in residual air and
under reducing conditions by heating in hydro-
gen), resulting in surfaces which differed in their
suitability for attachment. The reducing condi-
tions can be expected to lead to less germanic
acid (anionic) groups on the germanium surface
(33) which is consistent with the essentially zero
electrophoretic mobility of hydrogen-cleaned
germanium (19). Because the glass, mica, and
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FIG. 3. Relationship between numbers of attached
bacteria and advancing water contact angles of wa-
ter on different surfaces. The substrata are: 1 (RF-
PS); 2 (RF-PET); 3 (Au-nylon); 4 (epoxy); 5 (nylon
6.6); 6 (Au-PE); 7 (PET); 8 (PS); 9 (PE); 10 (PTFE).

oxidized germanium had very low numbers of
attached bacteria, whereas the positive platinum
and neutral germanium had higher attached
numbers, surface charge is suggested to be a
significant factor.
Most bacteria appear to bear a negative sur-

face charge (15), and the pseudomonad used in
these studies has been shown to have an acidic
hydrophilic surface polymer (which may be the
attachment adhesive [11]). Thus, once a mono-
layer of attached bacteria has formed on a hy-
drophobic surface, this favorable attachment
surface is converted to a hydrophilic, negatively
charged (thus unfavorable) surface. This may
account for the decrease in rate of bacterial
attachment to a surface as it becomes covered
with bacteria, as indicated by the leveling out of
the curves in Fig. 2 (10).
The decreased attachment on platinum which

had been exposed to cell-free medium is similar,
because the peptone medium components which
adsorb are expected to bear negative net charge
at seawater pH. The lack of effect of medium on
attachment to PS may be explained by its easy
displacement from that surface.

Electrokinetic studies with hydrocarbons in
aqueous media often indicate negative charges
on the hydrocarbon kinetic units (32), and this
is apparently due to a reduction in cation con-
centration in the liquid boundary region near
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the hydrocarbon, rather than from charges on
the hydrocarbon (17). Thus, approach of
charged bacteria to a nonionogenic hydrophobic
surface may be expected to perturb easily the
ionic distribution which leads to the apparent
surface charge. This contrasts with the repulsion
expected from the stable charges present at ion-
ogenc surfaces.
Some of the polymer samples used in this

study were oxidized by electrical glow discharge
to increase their wettability. The hydrophilic
properties of RF-PS and RF-PET may be par-
tially associated with a surface charge compo-
nent (in addition to the production of polar
groups) because there is evidence of the forma-
tion of acid and phenolic groups on oxidized
plastics (3, 29). However, the strong positive
correlation between the number ofattached bac-
teria and the hydrophobic nature ofthe polymer,
as determined by water contact angle, is evident
with both treated and untreated polymers. Thus,
the present data illustrate the importance of
charge on hydrophilic substrata and the impor-
tance of wettability on hydrophobic substrata.
The correlation ofattachment with water con-

tact angle strongly suggests the involvement of
a hydrophobic interaction, but because the bac-
terial surface polymer is apparently an ionic
hydrophilic material, the nature of the interac-
tion is not obvious. Because, as noted previously,
a number of other marine organisms attach pref-
erentially to plastic substrata, the basic proc-
esses leading to this tendency may have wide
applicability. This possibility and the nature of
the interaction are being studied further.
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